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SUMMARY 


The effects of changes in Reynolds number on the longitudinal aero— 
dynamic characteristics of a 52 ° sweptback ving with an aspect ratio of 
2.88 and NACA 6^2^—112 airfoil sections were investigated. The range of 

Reynolds numbers was from 2,000,000 to 11,000,000. The model was tested 
with the leading edge both smooth and rough. The tests also included a 
study of the flow changes at moderate to hi^ lift coefficients. 

Abrupt changes in the -variations of the forces and moments were 
observed at moderate lift coefficients; that is, the lift-curve slope 
became hi^er, the pitching^noment curve became more stabilizing and 
the drag suddenly increased. These changes were coincident with sepa- 
ration around the tip leading edge. As the angle of attack -vra.s further 
increased, the pitching-moment curve broke in a destabilizing direction 
at the point of initial lift— curve— slope reduction. 

The lift coefficient at which the initial changes in the force and 
moment variations occurred for the smooth wing increased markedly with 
Reynolds number. Roughness reduced the influence of Reynolds number on 
this lift coefficient for Reynolds numbers beyond 3^600,000. 

A maximum lift coefficient of 1.12 -was attained on the plain -vd.ng 
at the hipest Reynolds number of the test, an Increase of only O.O 3 
over that obtained at the lowest Reynolds number. The addition of split 
flaps did not appreciably increase the maximum lift coefficient. 

Roughness on the leading edge reduced the lift coefficient at which 
the force and moment variations suddenly changed but had little influence 
on the maximum lift coefficient. 

The lift— curve slope through zero lift -was sli^tly higher than 
would be indicated by the swept— lifting-line theory of Welssinger. Good 
agreement -was also obtained between the calculated and experimentally 
determined values of aerodynamic-center location. 
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INTROIXJCTION 


As demonstrated in reference 1, a swepfback wln^ is characterized 
by a stalling pattern, in vhich ‘boundary— layer separation starts near 
the tip and causes longitudinal instability for certain aspect ratios 
near maxlinum lift. Because the constitution of the boundary layer 
depends upon the Reynolds number, a general Inq^ulry into the aero- 
dynamic properties of swept wings is at present being conducted in 
the Langley 19—foot pressure tunnel through a relatively large range 
of Reynolds numbers. As a part of this study, an investigation was 
made of the longitudinal aerodynamic characteristics of a 52 ^ sweptback 
wing of aspect ratio 2.88. 

The tiumel dynamic pressure was varied to maintain several values 
of Reynolds number from 2,000,000 to 11,000,000, both with and without 
50 -percent— span split flaps and with the model leading edge both smooth 
and rough. 


COEFFICIENTS AND SIMBOIS 


Cl lift coefficient (L/qS) 



drag coefficient (D/qS) 


pitching-moment coefficient (M/qSc) 


R 


L 


Reynolds number ( pV c/^i ) 
lift , pounds 


D 


drag, pounds 


M 


pitching moment about the quarter-chord point of the mean aero- 
dynamic chord, pound— feet 


1 


free— stream dynamic pressure 



S 


wing area, square feet 


c 


wing mean aerodynamic chord 



c 


local chord parallel to plane of symmetry, feet 


y 


spanwise coordinate, feet 
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Y free— stream velocity, feet per second 

p mass density of air, slugs per cubic foot 

H coefficient of viscosity of air, slugs per foot— second 

a angle of attack, degrees 

A angle of sweepback, degrees 

MODEL 


The plan form of the wing and principal dimensions are shown in 
figure 1. The wing had an angle of sweepback of 52° at the leading edge, 
an aspect ratio of 2.88, a taper ratio of 0.625^ and NACA 112 airfoil 

sections perpendicular to the 0.282— chord line. It was constructed of 
laminated mahogany and is believed to have remained rigid enough to 
eliminate the effects of aeroelastic distortion. The 0.282— chord line 
corresponded to the guarteiwjhord line of the wing panels before they 
were swept back. The tips were rounded off in both plan form and 

elevation beginning at 0.975^* The wing had no geometric dihedral 
or twist. 

The installation and geometry of the 5O— percent— span, 20-percent— 
chord split flaps are shown in figure 1. 

A leading— edge roughness was obtained by applying No. 60 (0.011— inch 
mesh) carboruridum grains to a thin layer of shellac over a surface length 
of 8 percent chord measured from the leading edge normal to the 0.282-chord 
line on both upper and lower surfaces. The grains covered 5 to 10 percent 
of the affected area. 


TESTS 


The tests were conducted in the Langley I9— foot pressure tunnel. 
Figure 2 depicts the model Installed in the tunnel test section on the 
normal support system. Measurements of lift, drag, and pitching moment 
were made through a range of angle of attack from — to 28°. The model 
was tested both with and without half— span split flaps and leading— edge 
roughness through a range of Eeynolds numbers from 2,000,000 to 9^700,000. 
An additional test was made at a Eeynolds number of 11,000,000 for the 
plain wing. The total range of Mach number was from 0.08 to 0.21. 

Studies of the staJLl progression were made at a Eeynolds number of 
3,600,000 and 6,800,000 by observations of wool tufts attached to the 
upper surface of the wing. An attempt was made to study further the flow 
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changes evident at moderate to high lift coefficients. Accordingly, 
tufted masts 8 Inches higb were placed on the upper surface 85 percent 
of the semi span from the plane of symmetry at the 10 -, 3O— , 5O-, and 
7O— percent-chord stations. Threads were also attached to the wing 
leading edge at ten spanwise stations and their motions observed. In 
addition, the core of the edge trailing vortex was found by means of a 
three— tuft probe at several longitudinal stations. For each point the 
probe was lowered until the center tuft was in the center of the vortex, 
the bottom tuft assumed one direction, and the third tuft was blown in 
the opposite direction. The probe was then raised until the center tuft 
also assumed a definite direction. The probe was then lowered until the 
center tuft assumed the opposite direction. This procedure was followed 
as the probe was returned to the center and then displaced right and left. 
The center of these four positions defined the vortex core with satis- 
factory accuracy. 


EESULTS AND DISCUSSION 


The data presented herein have been corrected for the effects of 
model-support tare and interference and for air-stream mlsallnement . 

Jet— boundary corrections were determined according to the method of 
reference 2 for the angle of attack and drag coefficient. The pitching- 
moment coefficient has been corrected for wing— loading distortion 
resulting from tunnel restriction. 


Force and Pitching-Moment Results 

The wing characteristics of lift, drag, and pitching moment are 
presented in figures 3 to 5 Por both the smooth and rough conditions. 

A significant peculiarity of these data is the Inflections in the lift, 
drag, and especially in the pitching-moment curves at moderate lift 
coefficients (figs. 3 to 5). 

The lift curves have a linear slope of 0 . 0^7 from low to moderate 
lift coefficients, followed by an increase in slope and then a reduction 
as the angles of attack become larger. At lift coefficients beyond the 
inflection, a rapid increase in drag is noted (fig. 5) and the stabi- 
lizing slopes of the pitching-moment curves increase (figs. 3 QJ^d 4). 

At slightly higher lift coefficients, an unstable break occurs in the 
pitching-moment curves and the lift— curve slope is reduced due to tip 
stalling. This type of lift, drag, and pitching-moment curve has been 
observed for other low— aspect— ratio, highly swept wings (references 1 
and 3)- Th® force and moment breaks of figures 3 to 5^ however, display 
a pronounced variation with Reynolds number. As pointed out in 
reference k, sudden changes in the variations of effective dihedral and 
directional stability also begin at the lift coefficient at which the 
inflections occur in the data of figures 3 The lift coefficient 
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at which initial separation occurs has been observed to be almost identical 
with the inflection point. The variation of this inflection lift coeffi- 
cient with Eeynolds number (fig. 6 (a)) might thus be considered a primary 
scale effect. 

The maximum lift coefficient of the wing was I.O 9 at a Eeynolds 
number of 2,000,000 (fig. 6 (b)). A negligible Increase in maximum 
lift coefficient was realized with an increase in Eeynolds number to 
11,000,000. With the rough leading edge, both the Increase in slope 
of the lift curve and the reduction that followed occurred at a lower 
lift coefficient than that of the smooth wing and there was little scale 
effect except at Reynolds numbers below 3,600,000 (fig. 6 (a)). A 
similar variation was noted at the lift coefficient at which the pitching 
moment became destabilizing. The reduction in due to roughness 

was small. The addition of semispan split flaps did not appreciably 
increase the maximum lift coefficient at any of the Eeynolds numbers 
(fig. 6 (b)). The split flaps, however, did delay the onset of the 
inflection by of about O.I 7 (fig. 6 (a)). Roughness tended to 

minimize the severity of the inflection when the flaps wore deflected 
even more than when the flaps were neutral. 


Flow Observations 

Tuft indication. — As shown in figure J, at a Reynolds number 
of 3 ^ 600 , 000 , there was no appreciable change In the flow over the wing 
until an angle of attack of 12.7° was reached. At lh. 8 °, separation was 
indicated at the leading edge near the tip. Between angles of attack 
of lh. 8 ° and 15 * 9 ° there was a large change In the flow over the outboard 
portion of the wing. At 15.9°^ separation around the leading edge was 
indicated by the four outboard leading— edge threads which were raised 
from the surface and described a circular motion (fig. 7)« The remainder 
of the surface tufts on the outer third of the wing were disturbed and 
indicated a spanwise flow. The bottom tuft on the front mast and the 
lower two tufts on the second mast were twisted around their respective 
masts also indicating a radical flow change. The flow changes Just 
described occurred approximately 1 ° earlier on the left wing panel than 
on the rig^t. Referring to the force data, it is seen that the initial 
force and moment changes occur concurrently with the separation around 
the leading edge at this Eeynolds number. Increasing the Eeynolds number 
delayed the initial separation, as shown by comparing figures 7 and 8 . 

As the angle of attack is increased the leading— edge separation spreads 
inboard, and separated flow appears behind the leading edge, gradually 
progressing Inboard and chordwlse. 

Trailing— vortex— core locations. - At a Eeynolds number of 3 » 600,000, 
the trailing— vortex core was located at several longitudinal stations. 
Surveys made at lift coefficients well below the inflection indicate the 
trailing vortex to be formed in the normal manner. It is shown in 
figure 9 ^ however, to be above the wing— tip region at a lift coefficient 
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Just after the Inflection point. The appearance of the trailing vortex 
over the win^ concxorrently with the inflection lift coefficient might 
lead to the suppoeition that, although the trailing vortex is formed in 
the normal manner at low lift coefficients, at the inflection lift coef- 
ficient the trailing vortex is formed hy a gradual coalescence of the 
vortices indicated hy the leading— edge separation shown in figure 7« A 
similar unusual trail ing-^ort ex formation was described in references 5 
and 6. 


Discussion of Force and Moment Characteristics 

As has been shown in reference 7^ the lift coefficient at which 
incipient separation occurs on a yawed infinite wing is lower by the 
factor cos^ than the corresponding lift coefficient for an unyawed 
wing, if the Reynolds number and airfoil are the same normal to the 
leading edge. The inflection lift coefficient (0.8) of the present 
wing at a Reynolds nxtmber of 11,000,000 is considerably greater than 
the point of initial separation estimated for a yawed infinite wing (0.6). 
Tests reported in reference 8 also show that decreasing the aspect ratio 
Increases the lift coefficient at which the inflections in the force and 
moment curves first appear. These results indicate that finite span 
effects are considerable in modifying the airfoil section characteristics. 
The free vortex observed above the tip of the present wing may be a 
contributing factor to the occurrence of the inflection in the force and 
moment curves, inasmuch as this type of vortex has been known to cause 
large changes in the airfoil pressure distribution (reference 5) • 

The pitching-moment curves of figures 3 an<i ^ show a rearward move- 
ment of the aerodynamic center at the inflection lift coefficient. The 
motion of the outboard leading-edge threads when the inflection occurs, 
moreover, indicates separation and possibly the formation of trailing 
vortices similar to those reported on triangular plates in reference 5« 
The action of the vortex flow over the outer part of the wing cotild be 
a factor in changing the lift— and moment— curve slopes. The large 
increase in drag that occtirs at the Inflection lift coefficient is 
attributed in part to the reduction of the suction pressures at the 
leading edge near the tip. The wing had a high enough sweep so that 
a small increase in lift and drag near the tip would have a substantial 
effect on the pitching moment. 

The longitudinal instability at higher angles of attack is attri- 
buted to the expanding regions of completely separated flow near the 
tip, which decrease the relative lift load carried outboard. Further 
studies, particularly detailed pressure measurements, are needed to 
describe adequately the flow over the wing in the nonlinear range. 
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Com p arlaon vlth the 42° eveptback ving .— The results of scale- 
effect tests of a 42° swepthack wing of aspect ratio ^4- are presented in 
reference 9» At the hi^er Eeynolds numhers these results are consider- 
ably different from those presented herein. When separation was first 
apparent near the tip of the ^4-2° swepthack wing, a reduction in lift 
resulted and the pitching-moment curve broke in an unstable direction, 
whereas an increase in lift and drag and a stabilizing break occurred on 
the 52° swepthack wing. Separation on the 42° swepthack wing was 
manifested by a complete reversal of flow direction at the front surface 
over the entire outer panel, while on the 52 ° swepthack wing it was shown 
by a circiilar motion of leading— edge tufts indicating separation around 
the leading edge and subsequent reattachment further aft. At the minimum 
Eeynolds number, however, the characteristics of the 42° swepthack wing 
are similar to those of the 52 ° swepthack wing herein presented. 

The mazlmimi lift coefficients of the two wings were approximately 
the same; however, a lower inflection lift coefficient was obtained on 

the 52° swepthack wing. The Increment in G-p due to flaps was about 

■Hmaz 

0.2 for the 42° swepthack wing, as conq)ared with 0,025 for the present 
wing. The Increment in force Inflection due to flaps, however, 

compares favorably with that of the 42° swepthack wing considering the 
greater sweep and lower aspect ratio. 

Comparison with theory .— Below the inflection lift coefficient, the 
lift— ctirve elope can be fairly well predicted by the method of Weissinger 
(reference 10) , The predicted lift— curve slope is 0.044, while the 
measured lift— curve slope is 0.04 t. This is an underestimation of about 
6.4 percent which is good considering the simplifying assumptions of the 
theory . 

The position of the aerodynamic center is, on the average, 0.25 
aerodynamic chord. The theory predicts a position of 0.257 mean 
aerodynamic chord, including a correction for the effect of thickness, a 
discrepancy of only 0.7 percent mean aerodynamic chord. 

The increment in lift due to split flaps was calculated by an 
adaptation of the method of reference 11 given in reference 12 as follows: 



= J 


(aC^) (cos a)c^ 


where J is the factor depending on aspect ratio, taper ratio, and flap 
span given in reference 11; ACj^ is the Increment in flap lift coefficient 

of the airfoil section; and Cx is the calculated lift— curve slope of 


the swept wing. 
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The preceding equation vas an adaptation of a straight lifting-line 
theory to a wing of moderate sweep (35°) and normal aspect ratio (6). Its 
application to a wing of higher sweep (52°) and lower aspect ratio (2.88) 
might he somewhat presumptuous. Nevertheless, the calculated value 
was 0.2k, the measinred value 0.28, an underestimation of Ih percent. 


SUMMARY OF EESULTS 


The tests of a 52° sweptback wing of aspect ratio 2.88 lead to the 
following results: 

1. Abrupt changes in, the variations of the forces and moments were 
observed at moderate lift coefficients; that is, the lift-curve slope 
became greater, the pitching— moment curve became more stabilizing, and the 
drag suddenly Increased. These changes were coincident with separation 
around the tip leading edge. As the angle of attack was further increased, 
the pltching-^noment curve broke in a destabilizing direction at the point 
of initial lift-curve— slope reduction. 

2. The lift coefficient at which these initial, changes in the force 
and moment variations occurred (inflection lift coefficient) for the 
smooth wing increased markedly with Reynolds number. Roughness reduced 
the influence of Reynolds number on the inflection lift coefficient 
beyond a Reynolds number of 3,600,000. 

3. A maximum lift coefficient of 1.12 was attained on the plain 
wing at the highest Reynolds number of the test, an increase of only 0.03 
over that obtained at the lowest Reynolds number. The addition of split 
flaps did not appreciably increase the ma.xlTmTm lift coefficient. 

k. Roughness caused a reduction in the value of the "inflection" 
lift coefficient but had no appreciable effect on the Tnmrinmm lift 
*^®®^^^*^tent . The lift coefficient at which the pitching-moment cujTve 
broke in the destabilizing direction was also reduced with roughness, 

5. The lift-curve slope through zero lift is slightly higher than 
would be indicated by the swept lifting-line theory of Weisslnger. Good 
agreement was also obtained between the calculated and experimental 
values of the aerodynamic-center location. 


Langley Aeronautical Laboratory 

National Advisory Committee for Aeronautics 
Langley Field, Ya. 
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Figure 1.- Plan and section of 52° sweptback wing. Wing area = 4429 sq in.; 
IT = 39.97 in.; aspect ratio = 2.88. No twist. All dimensions in inches. 
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(b) Drag coefficient. 



Figure 3.- Lift, drag, and pitching -moment characteristics for several values 
of Reynolds number with and without leading-edge roughness. Flaps neutral. 
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(a) Lift coefficient. 
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(c) Pitching-moment coefficient 


Figure 4.- Lift, drag, and pitching -moment characteristics for several values 
of Reynolds number with and without leading-edge roughness. 0.5-span 
split flaps deflected 60*^. 
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foj Flaps neutral. 



(b) 0.5‘-span split flaps deflected 60". 


Figure 5. - Drag characteristics for several values of Reynolds number with 

and without leading -edge roughness. 
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Flaps L eading edge 

Neutral Smooth 


Neutral Rough 

Deflected 60° Smooth 

Deflected 60° Rough 



Reynolds number , millions 

(a) Variation of inflection lift coefficient with Reynolds number. 


Flaps Leading edge 
Neutral Smooth - 

Neutral Rough - 

Deflected 60° Smooth 

Deflected 60° Rough 



2 3456789 to n 

Reynolds number , millions 

(b) Variation of maximum lift coefficient with Reynolds number. 

Figure 6.- Variations of maximxim and inflection lift coefficient with Reynolds 
munber. Flaps deflected or neutral, leading edge smooth or rough. 
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Turbulent flow 
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Figure 7.- Flow over the 52° sweptback wing; R = 3,600,000; flaps neutral. 
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Cross flow 


Turbulent flow 
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(a) Flaps off (b) Flaps deflected 60** 
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Figure 8.- Stall characteristics of a 52° sweptback wing. R = 6,800,000. 
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Figure 9.- Position of edge vortex core at several longitudinal stations. 

R = 3,600,000. 



